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Vibration and Control of Axially Moving Belt System 
(1st Report, Experimental Analysis) 

Kouetsu TAKANO, Keiji WAT AN ABE, 
Osami MATSUSHITA and Mananori KITANO 

Rubber belt systems have recently been applied to many kinds of industrial machinery, for 
example, fan belt of automobile, driving system of automated teller machine and so on. However, 
vibration of belt systems have been an unacceptable problem accompanied by the increase of the 
operational speed. In this paper, an axially moving belt is investigated experimentally with respect 
to vibration characteristics and vibration control using parametric excitation. As the result, the 
vibration source is estimated as the eccentricity of pulleys. The parametric excitation control has 
significant effects to damp the vibration. This paper reports the possibility of vibration control about 
axially moving belt systems by producing torque fluctuation. 
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Table 1 Basic characteristics of belt 
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Table 2 Eigenfrequency and damping coefficient 



Fig. 1 System of experiment apparatus 



Preset repression F h (N) 
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Eigenfrequency (Hz) 
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Fig. 2 Impulse response of upper span 



Fig. 3 Spectrum analysis at impulse test 
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Fig. 4 Campbell diagram (F l3 = 196 N) 
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Fig. 5 Vibration amplitude by FFT tracking analyzer 
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Fig. 6 Displacement and driving torque at resonance 
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Fig. 7 Displacement spectrum at resonance 
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Table 3 Resonance speed and displacement amplitude 



Preset repression F h (N) 
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Resonance speed (rpm) 
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Fig. 9 Eccentricity of pulley 



Fig. 10 Tracking analysis by vector monitor 
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Table 4 Optimum control parameter 
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Table 5 Effect of control 



Preset repression F h (N) 
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196 
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Ca/n (rpm) 
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Uncontroled amplitude (mm^ ) 
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Controled amplitude (mm^,) 
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Amplitude reducing ratio {%) 
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Table 6 Control phase and resonance phase 



Preset Repression F tt (N) 
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VIBRATION AND CONTROL OF AX I ALLY MOVING BELT SYSTEM 
(1 st Report: Experimental Analysis) 

Kouetsu TAKANO, Keiji WATANABE , 
5 Osami MATSUSHITA, and Masanori KITANO 

Rubber belt systems have recently been applied to many 
kinds of industrial machinery such as fan belts of automobiles , 
drives of automated teller machines, and the like. However, 

10 vibrations of the belt systems have become unacceptable in 
accordance with the increase of the operational speeds. In 
this paper, an axially moving belt is experimentally 
researched with respect to the vibration characteristics and 
the vibration control using parametric excitation . As a result 

15 of this , the source of vibration has been considered to depend 
on the eccentricity of the pulleys . The parametric excitation 
control has significant effect on damping of the vibration. 
This paper reports the possibility of vibration control of 
axially moving belt systems through actuation of torque 

20 fluctuation. 
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1. PREFACE 

Belt drives with rubber belts as power transmission 
means are widely used in various industrial units such as 
drives of automated teller machines , fan belts of automobiles , 
5 and the like. These belt systems take a variety of forms 
according to the object and usage and are required various 
performances. In addition to that, due to improvements of 
manufacturing techniques, high precision and high speed are 
required and lateral oscillation of the belts has thus become 

10 a major problem in view of performance of the belt systems. 
There are two ways to control oscillation of the belts: one 
is to absorb oscillating energy and the other is to offset 
vibration waves. Both ways can be realized as numerical 
analysis but are hard to constitute the apparatus when they 

15 are applied to the actual system. 

Analysis of lateral oscillation of a uniform chord, 
a belt , a running chain or the like has been made as research 
similar to the solution to the oscillating properties of the 
belt. Also, analysis of oscillating control of a chord, a 

20 beam or the like has been made as research of oscillating 
control. However, in those conventional studies, an analysis 
using an actual model based on an actual system was not made. 
There are few reports on vibration control u^iiiy &u actual 
device . 

25 In view of these circumstances , an object of the 



present research is to experimentally solve vibration 

properties of a running belt system through vibration analysis 
using an experimental device (or toothed belt device) that 
simulates an actual system, and to propose a method of control 
5 easily applicable to the actual system through experiments 
of vibration control by wave offset using parametric 
excitation . 



10 

2. EXPERIMENT APPARATUS 

2.1 Toothed Belt Drive 

Fig. 1 shows a schematic of a toothed belt drive 
used in the experiment. The toothed belt drive includes an 

15 idler pulley, a drive pulley, and a detachable driven pulley. 
The rotational speed of the pulley was obtained by an FFT 
analyzer that analyzes rotational pulses of a photoelectric 
detector attached to the drive pulley. The rotational 
displacement of the belt was obtained by the measurement of 

20 the displacement of the middle of the belt through a laser 
displacement gauge. 

The data of a rubber belt used in the toothed belt 
drive ie chov?n in Tabic I, v^hcrciii L: epaii length, H: belt 
width, Ks belt thickness, p . belt density. Sis bending 

25 rigidity of a belt. The number of teeth of each pulley is 
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32 , pitch circle diameter is 81 . 49 ram, mass is 1 , 78 kg f natural 
frequency (or eigenf requency) of each pulley as a cantilever 
is approximately 234 Hz, the number of teeth of the belt is 
156, and circumferential length of the belt is 1248 mm. 
5 Also, initial press of the idler pulley is made 

arbitrary by pressing the idler pulley against the outside 
of the belt pulley and measured by the load cell. 
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Fig. 1 System of experiment apparatus 
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Table 1 Basic characteristics of belt 
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2.2 Measuring Device 

FFT analyser and a vector monitor were for 
measurement „ The vector monitor is a device that analyzes 
amplitude and phase of vibration in synchronism with the 
5 rotational pulse based on inputted vibration waveforms. The 
FFT analyzer used in the research can make tracking analysis 
and has a similar function to the vector monitor. 



10 3. VIBRATION ANALYSIS 

J.I Experiment Method 

In the vibration analysis, a tracking analysis was 
made in order to specify the critical speed (i.e. resonance 
speed generating the maximum amplitude) of the belt. In the 

15 experiment, at the initial press (or preset repression) Fi S 
of the idler pulley of 98, 196, 294, and 392 N, the rotational 
speed of the pulley was accelerated at a constant acceleration 
of 13.75 rpm/s up to 0-2200 rpm (i.e. circumferential speed 
of a belt: 0-9.4m/s). The analysis was made using the pulley 's 

20 rotational pulse obtained from the photoelectric detector 
as a trigger. In addition, Campbell diagram and tracking 
diagram obtained from the FFT analyzer have poor accuracy 
because spectrum analycic wac made at every 10 rpms of the 
rotational speed due to constraint of the performance. 

25 Theref ore, the critical speed was determined using a respond 
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diagram obtained from the vector monitor that can analyze 
consecutively at every rotational speed in real time. 



3.2 Elgenfrequency and Damping Ratio 
5 In order to examine eigenf requency of a belt, a 

central portion of the belt in a stationary state was 
impulse -excited and spectrum analysis was made using the FFT 
analyzer. The results are shown in Figs. 2 and 3. 

When specifying the elgenfrequency and damping 
10 ratio from Figs. 2 and 3, Table 2 is obtained. As can be seen 
from Table 2 , the elgenfrequency increases in accordance with 
the increase of the initial press (or preset repression) and 
thus the tension, whereas the damping ratio decreases. 

15 
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Fig. 3 Spectrum analysis at impulse test 



Table 2 Eigenfrequency and damping coefficient 



Preset repression F ls (N) 


98 


196 


294 


392 


Eigenfrequency (Hz) 


17.5 


23.5 


27.5 


32.0 


Damping ratio 


0.0118 


0.0108 


0.0100 


0.0099 



3.3 Rotational Order and Eigenfrequency 

In order to specify the source of resonance that 

15 causes the critical speed, a tracking analysis using 
rotational orders as a trigger was made to examine the 
relationship between the rotational speed and the 
eigenfrequency through Campbell diagram. Fig. 4 shows 
Campbell diagram in the case of F IS =196 N . The Campbell diagram 

20 has the horizontal axis for rotational speed, the vertical 
axis for frequency, and the diagonal axis for rotational order. 
In the diagram, the amplitude of spectrum data is shown by 
a circle. The greater the circle becomes, the greater ihe 
amplitude of vibration is. Lines 1 = 5 in the diagram designate 

2fi components of the rotational orders of the drive pulley . Also , 
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spectrum extending below the rotational primary component 
indicates the components of the rotational order of a joint 
of the belt. The 4.8 order component of the Joint coincides 
with the rotational primary component of the drive pulley . 

5 Spectra lined horizontally at 26 Hz in Fig . 4 indicate 

eigenf requency of the system. Since the eigenf requency has 
an approximately constant value irrespective of the 
rotational speed of the drive pulley, influence of the speed 
or Corioli's force is extremely small. The resonance occurs 

10 at the rotational secondary order component of the drive 
pulley, the rotational primary component, and the fourth 
component of a Joint of the belt , in turn . The maximum amplitude 
is obtained at a point where the rotational primary component 
of the drive pulley coincides with the eigenf requency . 

15 Therefore, the critical speed is a speed where the rotational 
primary component of the drive pulley coincides with the 
eigenf requency , Fig. 5 shows a tracking diagram where the 
critical speed is different at each initial press. 
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3.4 Specification of the Source of Excitation 

10 It has been found that the critical speed is a speed 

where the rotational primary component of the drive pulley 
coincides with the eigenf requency . The fact that the 
rotational primary component of the drive pulley acts as the 
source of excitation may be caused by parametric excitation 

15 due to tension variation and basic excitation due to 
eccentricity. Therefore, first, the belt was made in a 
resonant state, and then, vibration displacement of the belt 
and torque fluctuation (or torque reaction) of the drive 
pulley were measured during resonance and spectrum analysis 

20 was made. The results are shown in Figs. 6-8. 

As shown in Figs. 6-8, clear primary spectrum can 
be seen at resonance in vibration displacement, whereas 
various spectra con be cccn in torque reaction and they <±r& 
extremely small. Consequently, it is not considered that 

25 parametric excitation due to tension fluctuation or torque 
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reaction acts directly as the source of excitation . Therefore , 
the shape of the pulley causing basic excitation was measured 
by a laser displacement gauge. 
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Fig. 8 Driving torque spectrum at resonance 



Fig. 9 shows the edge shape of the pulley that was 
measured and approximated into a sine curve. As can be seen 

10 from Fig. 9, a great eccentricity (0.32 mm) is identified 
around the 12 th tooth of an idler pulley that generates the 
rotational primary component and a small rotational secondary 
component is identified at the drive pulley. As shown in 
Campbell diagram of Fig. 4, the eccentricity of the former 

15 becomes a problem. Here, the number of teeth of the pulley 
is counted from the arbitrary reference point. 

Resonance of this experiment apparatus is 
considered to be caused by eccentricity of the pulley and 
a forced force due to boundary point displacement input is 

20 applied to the pulley. Therefore, a reflection tape of the 
photoelectric detector is determined so as to obtain 
rotational pulses every time the maximum eccentric portion 
passes . That is , it is determined in such a way th^t eoaent/ :lo 
imbalance phase equals zero on the basis of the rotational 

25 pulse . 
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Fig. 9 Eccentricity of pulley 



3.5 Specification of Critical Speed 

In order to precisely specify the critical speed, 
a tracking analysis was made through the vector monitor. The 

15 vector monitor can analyze amplitude and phase of vibrations 
of measured data at every rotation consecutively in relation 
to only the components in synchronism with the rotational 
pulses. Fig. 10 shows results of the tracking analysis by 
the vector monitor. The upper half of the drawing indicates 

20 Nyquest chart diagram (or polar circle) and the lower half 
Bode diagram. In Fig. 10, the rotational speed is accelerated 
from a standstill to 2200 rpm at the constant acceleration. 
The horizontal axis designates time as well gg rotation cpeed 
of a pulley corresponding to time. As can be seen in Bode 
fl.l agram „ there is shown a non- linear behavior of a hard- shaped 
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spring where resonance sharply decreases on the right side 
of resonance. Therefore, a polar circle does not become a 
normal circle. After the maximum amplitude of resonance, a 
locus shakes and goes toward the origin. The critical speed 
5 ( or resonance speed) , and phase and amplitude at the critical 
speed (or resonance phase and amplitude) are thus summed up 
in Table 3. 



(or preset repression) is enlarged, the critical speed (or 
10 resonance speed) increases. At the time of critical speed, 
displacement amplitude and resonance phase are approximately 
constant regardless of preset repression. 



As can be seen from Table 3, as the initial press 
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Table 3 Resonance speed and displacement amplitude 



Preset repression F h (N) 


93 


196 


294 


392 


Resonance speed (rpm) 


1138 


1533 


1809 


2054 


Resonance speed (m/s) 


4.85 


6.54 


7.72 


8.77 


Amplitude (mm^ p ) 


6.97 


8.21 


5.07 


7.93 


Resonance phase ( ° ) 


+95.9 


+116.6 


+68.9 


+103.7 



4. CONTROL DEVICE AND CONTROL METHOD 

4.1 Synchronized Oscillator 

10 There are two ways to control oscillation: one is 

to absorb oscillation energy using variable damper; the other 
is to offset or cancel waves. The former is a way to restrain 
occurrence of oscillation and the latter is a way to restrain 
oscillation that has occurred. However, in the case where 

15 resonance source is present inside the system such as the 
present experiment apparatus, it is common to use the way 
to offset waves* 

In the method to offset waves, it is necessary to 
obtain a wave of inverted phase relative to the oscillation 

20 wave that has occurred. There are two ways to obtain a wave 
of inverted phase: one is a way of forced oscillation and 
the other a way of parametric excitation. In the system such 
as a belt drive, since beli lev^xo-* varies ^<;<;<^« aiau to 
variation of the rotational speed of the pulley, parametric 

25 excitation can be easily achieved. Therefore, in this research. 



• 14- 



we tried to obtain a necessary oscillation waves through 
parametric excitation. 

As shown in Fig. 11, the parametric excitation system 
becomes unstable when an equation, 2<o n / v =l. 2„ 3,-- is 

5 satisfied, wherein v is excitation frequency and co n is 
eigenf requency . When excitation is conducted using such a 
relation, oscillation due to parametric excitation occurs 
and oscillation waves necessary for wave offset can be 
obtained if phase and modulation degree are properly 

10 determined. 

The critical speed of the toothed belt drive used 
in the present research occurs when the rotational speed of 
the pulley coincides with the eigenf requency . Therefore, if 
excited oscillation in synchronism with the rotation of the 

15 pulley is obtained, oscillation waves can be obtained with 
the relation of 2co n / v =2 (right side of Fig. 11) . Consequently, 
in order to achieve parametric excitation, we used a 
synchronized oscillator to add cosine signals in synchronism 
with the rotation of the pulley to vary rotation of the pulley 

20 to cause fluctuation of belt tension. The synchronized 
oscillator can output cosine-wave-shaped harmonic vibration 
in synchronism with 3np\it pulse with phase and amplitude 
(y^M*) as:fo .'l.tsraxrAXy determined, iig. 12 shows an experiment 
apparatus with a synchronised oscillator. 

2b 
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4.2 Speed Variation Excitation Input 

When speed variation is provided, torque reaction 
is generated at the drive pulley due to rolling resistance 
of the idler pulley and transmitted to belt tension and causes 
fluctuation thereof . In order to ascertain whether parametric 
excitation can be achieved or not, we measured oscillation 
displacement in the case where a belt is running at the initial 
press of Fts-196 N and only the excitation frequency changes 
in the range of 10 to 70 Hz with speed variation of a constant 
amplitude provided, Fiq. 13 shows the result. 
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Since eigenfrequency at the initial press of F IS ~196 
N is approximately 25 Kz, it can be seen that resonance has 
occurred in the case where the equation, 2a) n /v~l, 2 , 3 , 
is satisfied. Especially, at 2o> n /v=l, the system is a 
parametric excitation non-linear oscillation system and is 
referred to a fraction harmonic resonance, which causes 
resonance of a great amplitude comparatively with ease. 

However, in oscillation control using resonance 
oscillation under the above-mentioned condition, stable 
control cannot be achieved, as mentioned below in Fig. 20. 
Therefore, in the present research, oscillation control is 
carried out with the condition of 2 co n / v =2 . In addition , gain 
in the drawing is an engineered value of output voltage of 
synchronized signal and phase in the drawing is a phase 
difference between the rotational pulse and the synchronized 
signal. Oscillation control is conducted with a parameter 
of the gain and the phase. 

15r 
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Pict 13 Rp<^>oiw displacement by change of rotation 
speed 
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S. OSCILLATION CONTROL 

5 . 1 Experimen t Me thod 

First , a belt was driven to run at the critical speed 
to achieve resonance. Then, parametric excitation signals 
5 for control were inputted and the oscillation amplitude was 
measured with phase and gain changed variously. A parameter 
that can reduce oscillation most drastically was made the 
optimum gain and phase value. 

Next, in order to ascertain whether the critical 
10 speed is experienced with a small amplitude and safety, as 
with the fourth chapter, a belt was driven to run at a constant 
acceleration and parametric excitation control was conducted 
with the optimum parameter in the range of 300 rpmbef ore/after 
the critical speed. 

15 

5.2 Determination of Control Parameter 

First, Fig. 14 shows an example where the optimum 
parameter was searched. Fig. 14 illustrates oscillation 
amplitudes in the case where parametric excitation control 
20 gain was made constant at the initial press of Fi S =196 N and 
ON/OFF control was repeated every 10 seconds in the phase 
range of -180 to ■!■ 180° . Amplitude shown in a dotted line 
indicates amplitude at. non-oont.x-ol . 
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Fig. 15 shows such a result using a polar circle 
and bar graph ■ A dotted mark in the polar circle indicates 
oscillation before excitation at non -control and an arrow 
mark indicates a moving direction of oscillation at the time 
5 of varied excitation phase, or influential vector. Since the 
phase of influential vector is not constant due to non-linear 
spring properties . Each value of the polar circle is an average 
of measured values . A left side scale of the bar graph indicates 
oscillation amplitude at non-control. 

10 As can be seen from Fig. 15, the amplitude is most 

decreased around the phase of -20° . Similarly, gain can also 
be determined. These results are shown in Table 4. 

As can be seen from Table 4 , gain for parametric 
excitation control necessary to decrease oscillation 

15 increases according to the increase of the initial press. 
The reason is as follows: since oscillation amplitude at the 
critical speed is nearly constant regardless of press (or 
tension), oscillation amplitude necessary for wave offset 
is the same and increase of oscillation due to enlarged tension 

20 causes increase of necessary tension fluctuation . Also , phase 
varies toward the phase leading side. That is because time 
constant of a motor is constant and phase between rotation 
pulse <±no o8«i 1 iat -\on U ispiaoeiuent delays according to 
increase of eigenf requency due to enlarged tension. 

25 when excitation torque necessary for control shown 
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in Table 4 is compared with torque reaction at resonance in 
paragraph 3.4, the value has become approximately 10 times 
greater. As a result, it is found that the control (or 
excitation) torque does not offset torque reaction due to 
5 eccentricity and the source of excitation at non-control is 
caused by basic excitation. 



Table 4 Optimum control parameter 



Preset repression F h (N) 


98 


196 


294 


392 


Phase ( ° ) 


-40 


-20 


0 


+20 


Gain (rpm) 


±46 


±115 


±138 


±207 


Torque amplitude (Nm) 


1.05 


1.44 


1.45 


1.85 



15 

5. 3 Effect of Control 

In order to find out whether the critical speed can 
be safely experienced or not, a tracking analysis was made 
with the control parameter specified in chapter 4. Figs. 16 
20 and 17 show tracking diagram when controlled at 1300-1600 
rpm with the above-mentioned optimum parameter at the initial 
press of Fis"196 N. 

The experiment was in*±&& txsiixw va*\i ous initial press . 
The results are shown in Table b« 

25 
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Fig. 16 Tracking figure by FFT (F, s = 196 N) 
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Fig. 17 Tracking figure by vector monitor (F/«= 196 N) 



Table 5 Effect of control 



Preset repression F h (N) 


98 


196 


294 


392 


Gain (rpm) 


±46 


±115 


±!38 


±207 


UncontTGied amplitude cmrn^J 


9.6S 
3.53 


5.21 




i 


Controled amplitude (mm^) 


2.45 


2.73 


2.32 


Amplitude reducing ratio (%) 


36.5 


29.8 


53.8 


29.3 



I I I I I , I 
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As can be seen from Table 5 , according to the present 
research, the critical speed can be experienced with the 
amplitude reduction ratio of approximately 30% . In the present 
research, since sampling span at the time of searching control 

5 parameters was rough, oscillation control remained at such 
a level. However, if more detailed experiment is made, more 
sufficient control effect would be achieved. Therefore, 
oscillation control due to parametric excitation according 
to the present research has been found to be an effective 

10 control method. 

Then, in order to ascertain that decrease of 
oscillation was caused by the parametric oscillation, a 
transfer function of oscillation displacement with an input 
of speed fluctuation was examined and analyzed in view of 

15 phase. An example of the result is shown in Fig. 18. 
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Fig. 18 shows a transfer function (0-40 Hz) between 
the rotational speed fluctuation and vibration displacement 
at the rotational speed of 2000 rpm with a constant gain ( speed 
fluctuation amplitude) of ±115 rpm at the initial press of 
5 Fis=196 N. Phase angle at the resonance point is -46.8° . To 
the contrary, phase angle at the critical speed is +116 .6° . 
In order to cancel this phase angle, as shown in Fig. 19, 
it is necessary to change the phase -16 . 6° . The corresponding 
experimental value is -20° in the case of Fi S =196 N in Table 
10 4. 
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Fir. 19 Mechanism of vibration control 



20 The forced oscillation caused by the idler pulley 

can be cancelled by the parametric excitation with the phase 

properly predetermined. Table 6 shows the relation between 
the phase angle necessary for wave offset and the optimum 
phase determined by the experiment . 



- 24 - 



Table 6 Control phase and resonance phase 



P reset Repression F h (N) 


98 


196 


294 


392 


Resonance phase ( °) 


+95.9 


+116.6 


+68.9 


+103.7 


Opposite p 'fiase ( °) 


-84.1 


.63.4 


-111.1 


-76.3 


Control-displacement ( °) 


-41.1 


-46.8 


-107.7 


-87.1 


Needed phase (°) 


-43.0 


-16.6 


-3.4 


+10.8 


Optimum phase ( °) 


-40 


-20 


0 


+20 



10 As can be seen from Table 6 , phase that is required 

to offset the oscillation displacement at resonance by the 
inverted phase excitation conforms well to the optimum phase 
determined by trial-and- error experiment as shown Table 4. 
As a result of this , it is noted that the parametric excitation 

15 causes oscillation control based on the wave offset, 

5.4 Oscillation Control Based On the Other Order 

In paragraph 5.3, oscillation control was conducted 
under the condition of 2co n /v=2 using the synchronized 
20 transmitter . However , as shown in Fig . 13 , oscillation control 
is considered to be possible even in the case of 2a) n / v 
=1. Therefore, by attaching 2 pieces of reflection tapes 
c-gc? really to the photoelectric detector lor obt:a±Eilii§" the 
rotsticnsl tmiIcs to cta y> ^* , ~' > *~ ^ *> ^»in/>r» ~> f^rAinf ^ 
25 generated pulses were inputted into the former synchronized 
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transmitter o That is, the oscillation control was conducted 
so as to obtain the rotational pulses of 2o n / v =1 at the 
critical speed. The result is shown in Fig. 20. 
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Fig. 20 Effect of control by 2w n fv=l 



Fig. 20 shows the result when the control was 



conducted at resonant state of a belt with the gain of ± 
115 rpm under the condition of 2a) n / v =1. As can be seen from 
Fig. 20, oscillation is not steady and cannot be controlled. 
That is because excitation oscillation is twice greater than 
the eigenf requency and thus frequency of the forced vibration 
does not synchronize with the frequency of the exciting 
vibration and as a result, displacement of the forced 
vibration does not coincide with displacement of the 
parametric excitation* Consequently, it is required that in 
the oscillation control by the synchronized transmitter 
excitation be conducted using the relation of 2a> n /v=2. 
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6, CONCLUSION 

In order to clarify oscillation properties of the 
running belt system, basic experiment was made using a toothed 
belt apparatus . As a result , the following matters have become 
5 apparent 0 

( 1 ) The critical speed of a running belt system 
increases according to the increase of the press ( or tension ) . 

( 2 ) The source of excitation of a running belt system 
depends largely on heterogeneity of materials such as a joint 

10 of a belt, eccentricity of a pulley or the like. 

(3) Supplying speed fluctuation (or excitation 
torque) generates tension variation and allows for a running 
belt system with parametric excitation. 

(4) Oscillation control through wave offset using 
15 parametric excitation can control vibration approximately 

30%. 

( 5 ) According to the wave offset of the present method , 
control in the case of 2co n /v=2 was possible but control in 
the case of 2co n /v=l was not possible. 

20 
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